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ABSTRACT 
The structural nature of high-density amorphous ice (HDA), which forms through low-
temperature pressure-induced amorphization of the ‘ordinary’ ice I, is heavily debated. 
Clarifying this question is not only important for understanding the complex condensed states of 
H2O but also in the wider context of pressure-induced amorphization processes, which are 
encountered across the entire materials spectrum. We first show that ammonium fluoride 
(NH4F), which has a similar hydrogen-bonded network to ice I, also undergoes a pressure 
collapse upon compression at 77 K. However, the product material is not amorphous but NH4F 
II, a high-pressure phase isostructural with ice IV. This collapse can be rationalized in terms of a 
highly effective mechanism. In the case of ice I, the orientational disorder of the water molecules 
leads to a deviation from this mechanism and we therefore classify HDA as a ‘derailed’ state 
along the ice I to ice IV pathway. 
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A simple compression experiment of the ‘ordinary’ ice Ih at liquid-nitrogen temperature has 
left a remarkable legacy and tremendous impact across the materials sciences.1 It marked the 
discovery of high-density amorphous ice (HDA) which provided the first example for the 
process of pressure-induced amorphization (PIA). Countless other examples of PIA have been 
reported since for a wide range of inorganic, organic and even biochemical materials.2 However, 
questions related to the detailed mechanisms of the PIA processes are still under debate. In 
particular since some reported cases of PIA were later attributed to either the formation of 
nanocrystals, chemical decomposition or the non-hydrostatic compression conditions.2-7 
The PIA of ice Ih was first rationalized in terms of a thermodynamic melting process implying 
that HDA is a glassy state of high-pressure water.1, 8-12 This, together with the transformation of 
HDA to low-density amorphous ice upon decompression or heating at ambient pressure10 
provided an experimental background for the two-liquid model of water and the 2nd critical-point 
scenario.13-15 Yet, later, it was also argued that HDA forms due to a mechanical instability and 
can therefore be understood as a collapsed ‘ill-crystalline’ material that lacks a connection with 
the liquid phase.16-23 A temperature-driven cross-over between these two scenarios has also been 
suggested.9, 17, 20 Finally, it was even speculated that HDA may consist of strained microdomains 
of crystalline high-pressure phases of ice.24-25 In summary, it is safe to state that the structural 
and thermodynamic nature of HDA is still poorly understood. Due to the pivotal position of 
HDA not only for understanding the condensed states of H2O but also in the wider context of 
PIA processes, a deeper knowledge of the mechanism of the PIA of ice I is of paramount 
importance. 
Here we first investigate the low-temperature compression behavior of hexagonal and 
stacking-disordered ammonium fluoride (NH4F) whose hydrogen-bonded networks are similar 
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compared to the corresponding members of the ice I family. From this, we then aim to gain new 
insights into the origin of the pressure collapse of ice upon low-temperature compression and to 
propose a structural mechanism for the PIA of ice I which we also test with density functional 
theory (DFT) calculations. 
Ice I and NH4F I are similar materials from the structural point of view. Figure 1a shows the 
isostructural hydrogen-bonded networks of the hexagonal ice Ih and NH4F Ih materials which 
are the stable phases at ambient conditions. The hydrogen bonds in NH4F Ih are less than 2% 
shorter than in ice Ih.26 A metastable variant of ice Ih exists which contains interlaced sequences 
of cubic and hexagonal stacking, generally known as stacking disordered ice (ice Isd).27-30 The 
most cubic ice Isd prepared so far, which will be used in the following, was obtained by slowly 
heating the ice II high-pressure phase at ambient pressure.30 The material obtained by heating the 
NH4F II high-pressure phase at ambient pressure has been labelled as NH4F V.
31 Yet, as we will 
show, this material is, in analogy with the situation for ice, best described as stacking-disordered 
ammonium fluoride I (NH4F Isd). 
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Figure 1. Ice I and NH4F I show remarkably similar pressure collapses upon compression at 77 
K. (a) Crystal structures of ice Ih and NH4F Ih. (b) Changes in sample volume, as indicated by 
the piston extension, upon compression and decompression at 77 K of equal amounts of ice I and 
NH4F I materials (n(H2O) = n(NH4
+) + n(F–)). Powder X-ray diffraction patterns of the materials 
(c) before and (d) after compression. The percentages of cubic stacking, c, of the starting 
materials are given in (c) and the tickmarks in (d) indicate the positions of the Bragg peaks of 
NH4F II and Ih, respectively. Thick grey lines in (c) and (d) are Rietveld or MCDIFFaX
29, 31 fits. 
 
Remarkably, as shown in Figure 1b, NH4F Ih and NH4F Isd show similar collapses upon 
compression at 77 K in terms of the onset pressures and overall volume changes compared to the 
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ice I samples. The X-ray diffraction patterns of the starting materials are shown in Figure 1c. 
Using our MCDIFFaX software,30, 32 the ice Isd and NH4F Isd samples were shown to contain 
67.8% and 76.6% cubic stacking, respectively. Figure 1d shows that the diffraction patterns 
obtained after the compression of the ice materials are consistent with HDA in line with previous 
studies.1, 33 
On the basis of the similar pressure collapses, we initially assumed that the NH4F samples had 
also undergone transitions to high-density amorphous materials in analogy to what has been 
observed for ice. Surprisingly, the diffraction patterns of the NH4F materials after compression 
shown in Figure 1d revealed that they actually consist of crystalline mixtures of ~90% NH4F II 
and ~10% NH4F I. Upon comparison of the crystal structure of NH4F II
34 with the known phases 
of ice it was realized that NH4F II is isostructrual with the metastable ice IV.
35 Although NH4F II 
is the first high-pressure phase to form upon compression of NH4F Ih at room temperature, it is 
probably not the stable phase at 77 K and ~1 GPa due to the pronounced slope of the NH4F II / 
III phase boundary.36 This suggests that the NH4F II, which results from the low-temperature 
compression, is a kinetic product that forms as a consequence of a favorable mechanistic 
pathway. 
The transformation of NH4F I to NH4F II can be understood on the basis of a remarkable 
mechanism that achieves a 37% increase in density while only breaking one in four hydrogen 
bonds. This collapse was first described by Engelhardt and Kamb for the transition from the 
hypothetical fully cubic ice I (ice Ic) to ice IV.35 The corresponding collapse starting from the 
hexagonal starting material was later described in the NH4F literature.
34 The mechanistic details 
of this collapse, which we refer to as the Engelhard-Kamb collapse (EKC), are shown in Figure 
2. The ice Ic/Ih networks contain identical layers consisting of puckered six-membered rings in 
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the armchair conformation. These networks are shown in Figure 2a with the network nodes of 
the individual layers highlighted in different colors. 
 
Figure 2. Formal mechanism of the Engelhard-Kamb collapse.34-35 (a) Transformation of 2×2×3 
supercells of the ice/NH4F Ih unit cells viewed along [100] to the ice IV/NH4F II unit cell in the 
hexagonal setting. The spheres indicate the nodes of the hydrogen-bonded networks and are 
colored differently for each layer. The ‘threading-through’ structural feature is shown in the 
inset. (b) Transformation of a single layer of the Ih/Ic networks to the ice IV network viewed 
along [001]. 
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rings of the layers above and below towards water molecules of the second layers above and 
below. 
This ‘threading-through’ is the hallmark structural feature of the ice IV network which ‘pulls’ 
the layers closer together and thereby achieves the increase in density (inset in Figure 2a). 
Starting off from the ice Ih network, the ‘re-buckling’ of layers is not required. Instead, the 
individual layers need to shift or rotate with respect to one another to achieve the ‘threading-
through’ of the six-membered rings. Since both the ice Ic and Ih networks can undergo the EKC, 
it is of course also possible to start from stacking disordered starting materials. 
The effect of the ice IV network formation on an individual layer is shown in Figure 2b. The 
six-membered rings labelled with ‘1’ are the ones that experience ‘threading-through’ with 
hydrogen bonds during the transition to the ice IV network. This leads to a flatting of these rings, 
a slight increase in diameter and rotation. These changes in the ‘1’ rings distort the rings labelled 
with ‘2’ which either raises or lowers the nodes which are not members of the ‘1’ rings so that 
they can form the hydrogen bonds with two layers above or below. 
A remarkable feature of the EKC is that the density increase is highly anisotropic and achieved 
almost exclusively by contraction along [001].34 It is difficult to imagine that there is another 
mechanism that achieves a similar increase in density while breaking fewer hydrogen bonds. So, 
the EKC seems to be a particularly important mechanism for densification under kinetically 
controlled low-temperature conditions. 
The similar onset-pressures and volume changes of the low-temperatures collapses of ice I and 
NH4F I suggest that both materials suffer from a similar mechanical instability that marks the 
onset of the EKC. However, in both cases, the EKC is not followed through entirely at 77 K. In 
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the case of NH4F I, the conversion to NH4F II is ~90 w% leaving ~10 w% of NH4F I 
unconverted. The incomplete conversion is attributed to the build-up of macroscopic strain 
environments which arise from the highly anisotropic nature of the EKC. 
In the case of ice, it is important to recall that the ice I materials are hydrogen-disordered 
which means that they display disorder with respect to the orientations of the hydrogen-bonded 
molecules (Figure 1a). As mentioned earlier, during the EKC, the interlayer hydrogen bonds are 
broken and reformed with water molecules one and two layers above or below. The chances of 
successfully connecting a broken hydrogen bond to another water molecule are 50% since water 
molecules can be either hydrogen-bond donors or acceptors. This implies, that in case of ice I, 
not all broken hydrogen bonds will necessarily thread-through the six-membered rings in the 
final stage of the EKC but form hydrogen-bonds with other close water molecules instead that 
fulfil the donor / acceptor conditions. The resulting material is HDA which displays a lack of 
long-range order and a density somewhat lower than ice IV. Accordingly, HDA can be classified 
as a ‘derailed’ state along the EKC and we provide further arguments for this in the following. 
The hydrogen-bond donor / acceptor mismatch in ice could in principle be resolved with 
molecular reorientations. These are known to be very slow at 77 K,37 but have been shown to 
‘unfreeze’ during the glass transition of HDA at higher temperatures.38 When HDA is heated at 
around its ‘natural’ pressure of 1 GPa, the amorphous sample becomes denser at first followed 
by crystallization.39-40 The crystallization to ice IV has been shown to have the lowest activation 
energy out of all the possible crystallization pathways around 1 GPa.41-43 This means that the 
‘derailed’ state of HDA can be brought ‘back on track’ with respect to the EKC by thermal 
annealing under pressure as dynamic molecular reorientations resolve the problem of the 
hydrogen-bond donor / acceptor mismatches. The similar structures of pressure-annealed HDA 
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and ice IV are also evident from their Raman spectra.40, 44 Furthermore, the first strong 
diffraction peak of pressure-annealed HDA, which reflects the intermediate range structural 
order, is in the same position as the strongest Bragg peaks of ice IV.39-41 
An interesting question now arises if the ‘derailment’ upon low-temperature compression of 
ice I could be prevented by using hydrogen-ordered starting materials. The hydrogen-ordered ice 
Ic (ice XIc)45 is a promising starting material since the EKC from a cubic starting material does 
not require the translational movement of layers. All inter-layer hydrogen bonds point in the 
same direction in ice XIc which means that the problem of the hydrogen-bond donor / acceptor 
mismatches does not apply. Unfortunately, ice Ic has not been prepared so far,30 and 
consequently it is unknown if and how ice XIc can be prepared. Also, the fact that ice Ih 
becomes only partially hydrogen-ordered upon doping with potassium hydroxide below 77 K46-48 
illustrates how much of a challenge the low-temperature compression of ice XIc would be. 
To investigate the feasibility of the ice XIc to ice IV pathway, we therefore performed a 
transition-state search using the solid-state nudged-elastic-band (NEB) method49 at the 
dispersion-corrected DFT level. The solid-state NEB method couples the atomic and lattice 
degrees of freedom of a crystal structure, and it requires a reasonable initial guess of the 
transition pathway from XIc to ice IV. A minimum-energy contiguous path was obtained after 
optimization, and the energy profile and cell volumes of all frames on the transition path are 
shown in Figure 3. The activation energy for the phase transition is found to be 11 kJ/mol, about 
twice as large as the enthalpy difference between ice IV and XIc. The initial configurations are 
associated with the formation of point defects that resemble interstitials. The volume changed 
slowly during the first stages of the transition but close to and after the transition state, there was 
a marked drop. The largest change in volume at the very end of the transition is clearly 
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associated with the formation of hydrogen bonds passing through the six-membered rings 
(Figure 2). We note that our estimated activation energy is about an order of magnitude higher 
than what is expected for a purely enthalpy-motivated transition at 77 K. Several factors could 
contribute to this overestimation. First, we started from a perfect lattice of ice XIc. In ice, non-
negligible concentrations of kinetically trapped point and line defects will be present, which, 
together with grain-boundary effects, may act as the seeds for the transition to ice IV, effectively 
lowering the transition barrier. Second, our predicted transition mechanism only represents one 
of the possible transition pathways; lower-energy transition mechanisms may exist for larger 
simulation cells, where the point defects, that facilitate the transition, are more spatially 
separated, allowing for greater lattice relaxation. Third, overestimation of the activation barrier 
may also be enhanced from the DFT method we use (PBE+D3) which ‘overbinds’ the ice 
phases.50 Nevertheless, overall it seems very plausible that ice XIc is likely to undergo the EKC 
upon low-temperature compression and to avoid the ‘derailment’ to HDA. 
 
Figure 3. Computational ‘feasibility test’ of the ice XIc to ice IV transition using solid-state 
nudged-elastic-band DFT calculations. 
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In conclusion, we have shown that the hydrogen-bonded networks of ice I and NH4F I both 
suffer from similar mechanical instabilities upon low-temperature compression which mark the 
onsets of EKCs in these materials. Yet, both materials do not follow the EKC through 
completely. This is most likely due to the build-up of macroscopic strain in NH4F and the 
hydrogen-bond donor / acceptor mismatches in ice as illustrated by the DFT calculations of the 
ice XIc to ice IV pathway. Put simply, the low-temperature PIA of ice I is a consequence of its 
hydrogen disorder. This means that HDA does not represent the glassy high-pressure liquid, at 
least not the material that is obtained from the low-temperature compression of ice I at 77 K. 
Furthermore, this study also showcases the high efficiency of the EKC in achieving large density 
increases under kinetically controlled conditions. Future work should focus on the low-
temperature compressions of other structurally related materials such as diamond,32 silicon51 and 
the large family of AB materials including silver iodide, zinc sulfide, gallium phosphide and 
silicon carbide. 
 
Experimental and Computational Methods 
NH4F Ih (99.99%) was purchased from Sigma Aldrich and stored under dry nitrogen. For the 
compression experiments at 77 K, 404.0 mg of NH4F Ih were placed inside an indium cup which 
was quickly transferred into a stainless-steel piston cylinder precooled with liquid nitrogen. The 
ice Ih samples were prepared by pipetting 393.0 mg of MilliQ water into an indium cup inside a 
precooled piston cylinder. The compression to 1.4 GPa at 77 K was performed with a 30-tonne 
hydraulic press. Changes in sample volume were recorded using a GT5000RA-L25 positional 
transducer from RDP electronics. To obtain NH4F Isd, NH4F II was prepared in a first step by 
 13 
compressing 404.0 mg of NH4F Ih to 0.25 GPa at room temperature, followed by cooling to 77 K 
under pressure, and heating from 77 K to 203 K at ambient pressure. Ice Isd was obtained by 
heating an ice II sample from 77 K to 190 K at ambient pressure. Both stacking-disordered 
materials were subjected to the same compression experiments at 77 K as previously described 
for the hexagonal materials. After the compression experiments, the samples were recovered 
under liquid nitrogen at ambient pressure, and characterized with X-ray powder diffraction using 
a custom-made sample holder with Kapton windows mounted on a Stoe Stadi-P diffractometer 
(Ge 111 monochromated Cu K, 40 kV, 30 mA). Data were collected using a Mythen 1K linear 
detector and the temperature of the sample was controlled with an Oxford Instruments 
CryojetHT. 
The solid-state NEB calculations were performed using the atomic simulation environment52 
and the TSASE code.49 Thirteen frames of the 2x2x3 supercells from ice XIc to ice IV were 
considered on the transition path. The transition-state search was considered converged if the 
maximum atomic force falls below 0.1 eV/Å. The energies, forces and stress tensors were 
calculated using the CP2K code, which uses a mixed Gaussian/planewave basis set.53-54 We 
employed double-ζ polarization quality Gaussian basis sets and a 600 Ry plane-wave cutoff for 
the auxiliary grid, in conjunction with the Goedecker-Teter-Hutter pseudopotentials.55-56 All 
calculations were performed using the popular pairwise-additive descriptions of the dispersion 
interactions, i.e. the D3 method with the Axilrod-Teller-Muto three-body terms,57 in combination 
with the PBE functional.58 
 
ASSOCIATED CONTENT 
 14 
AUTHOR INFORMATION 
Notes 
The authors declare no competing financial interests. 
 
ACKNOWLEDGMENT 
We thank M. Vickers for help with the X-ray measurements, J. K. Cockcroft for access to the 
cryojet, and P. F. McMillan and J. S. Tse for helpful discussions. Funding was received from the 
Royal Society (C.G.S., UF150665 University Research Fellowship & A.M., Wolfson Research 
Merit Award), the Leverhulme Trust (J.J.S. & C.G.S., RPG-2014-04), EPSRC (S.L. & B.S., 
EP/K039296/1) and the European Research Council under the European Union’s Seventh 
Framework Programme (G.C.S & A.M., FP/2007-2013 and ERC Grant Agreement No. 616121 – 
HeteroIce project). We also acknowledge the use of Emerald, a GPU-accelerated High 
Performance Computer made available by the Science & Engineering South Consortium 
operated in partnership with the STFC Rutherford-Appleton Laboratory and use of the ARCHER 
UK National Supercomputing Service (http://www.archer.ac.uk) through the Materials 
Chemistry Consortium via the EPSRC Grant No. EP/L000202. 
 
REFERENCES 
1. Mishima, O.; Calvert, L. D.; Whalley, E. 'Melting Ice' I at 77 K and 10 kbar: A New 
Method of Making Amorphous Solids. Nature 1984, 310, 393-395. 
 15 
2. Machon, D.; Meersman, F.; Wilding, M. C.; Wilson, M.; McMillan, P. F. Pressure-induced 
amorphization and polyamorphism: Inorganic and biochemical systems. Prog. Mat. Sci. 
2014, 61, 216-282. 
3. Arora, A. K. Pressure-induced amorphization versus decomposition. Solid State Commun. 
2000, 115 (12), 665-668. 
4. Hemley, R. J.; Jephcoat, A. P.; Mao, H. K.; Ming, L. C.; Manghnani, M. H. Pressure-
induced amorphization of crystalline silica. Nature 1988, 334, 52–54. 
5. Kruger, M. B.; Jeanloz, R. Memory Glass: An Amorphous Material Formed from AlPO4. 
Science 1990, 249, 647-649. 
6. Haines, J.; Leger, J. M.; Gorelli, F.; Hanfland, M. Crystalline Post-Quartz Phase in Silica at 
High Pressure2001, 87, 155503. 
7. Sharma, S. M.; Garg, N.; Sikka, S. K. High pressure phase transformations in α-AlPO4: an 
x-ray diffraction investigation. J. Phys.: Condens. Matter 2000, 12, 6683. 
8. Mishima, O. Reversible first-order transition between two H2O amorphs at 0.2 GPa and 
135 K. J. Chem. Phys. 1994, 100, 5910-5912. 
9. Mishima, O. Relationship between melting and amorphization of ice. Nature 1996, 384, 
546-549. 
10. Mishima, O.; Calvert, L. D.; Whalley, E. An Apparently First-order Transition Between 
Two Amorphous Phases of Ice Induced by Pressure. Nature 1985, 314, 76-78. 
11. Floriano, M. A.; Handa, Y. P.; Klug, D. D.; Whalley, E. Nature of the transformations of  
ice I and low-density amorphous ice to high-density amorphous ice. J. Chem. Phys. 1989, 
91, 7187-7192. 
 16 
12. Whalley, E.; Klug, D. D.; Handa, Y. P. Entropy of amorphous ice. Nature 1989, 342, 782-
783. 
13. Poole, P. H.; Sciortino, F.; Essmann, U.; Stanley, H. E. Phase Behavior of Supercooled 
Water. Nature 1992, 360, 324-328. 
14. Stanley, H. E.; Angell, C. A.; Essmann, U.; Hemmati, M.; Poole, P. H.; Sciortino, F. Is 
There a Second Critical Point in Liquid Water? Physica A 1994, 205, 1. 
15. Sciortino, F.; Poole, P. H.; Essmann, U.; Stanley, H. E. Line of Compressibility Maxima in 
the Phase Diagram of Supercooled Water. Physical Review E 1997, 55 (1), 727-737. 
16. Tse, J. S. Mechanical instability in ice Ih: A mechanism for pressure-induced 
amorphization. J. Chem. Phys. 1992, 96, 5482-5487. 
17. Tse, J. S.; Klug, D. D.; Tulk, C. A.; Swainson, I.; Svensson, E. C.; Loong, C.-K.; Shpakov, 
V.; Belosludov, V. R.; Belosludov, R. V.; Kawazoe, Y. The Mechanisms for Pressure-
induced Amorphization of Ice Ih. Nature 1999, 400, 647-649. 
18. Gromnitskaya, E. L.; Stal'gorova, O. V.; Brazhkin, V. V.; Lyapin, A. G. Ultrasonic study 
of the nonequilibrium pressure-temperature diagram of H2O ice. Phys. Rev. B 2001, 64. 
19. Strässle, T.; Saitta, A. M.; Klotz, S.; Braden, M. Phonon Dispersion of Ice under Pressure. 
Phys. Rev. Lett. 2004, 93 (22), 225901. 
20. Strässle, T.; Klotz, S.; Hamel, G.; Koza, M. M.; Schober, H. Experimental Evidence for a 
Crossover between Two Distinct Mechanisms of Amorphization in Ice Ih under Pressure. 
Phys. Rev. Lett. 2007, 99 (17), 175501. 
21. Andersson, O.; Johari, G. P. Nature of the pressure-induced collapse of an ice clathrate by 
dielectric spectroscopy. J. Chem. Phys. 2008, 129 (23), 234505. 
 17 
22. Strässle, T.; Caviezel, A.; Padmanabhan, B.; Pomjakushin, V. Y.; Klotz, S. Temperature 
dependence of the pressure-induced amorphization of ice Ih studied by high-pressure 
neutron diffraction to 30 K. Physical Review B 2010, 82 (9), 094103. 
23. English, N. J.; Tse, J. S. Reversible pressure-induced crystal-amorphous structural 
transformation in ice Ih. Chem. Phys. Lett. 2014, 609, 54-58. 
24. Johari, G. P. On the amorphization of hexagonal ice, the nature of water's low-density 
amorph, and the continuity of molecular kinetics in supercooled water. Phys. Chem. Chem. 
Phys. 2000, 2, 1567-1577. 
25. Christie, J. K.; Guthrie, M.; Tulk, C. A.; Benmore, C. J.; Klug, D. D.; Taraskin, S. N.; 
Elliott, S. R. Modeling the atomic structure of very high-density amorphous ice. Phys. Rev. 
B 2005, 72 (1), 012201. 
26. Lyashchenko, A. K.; Malenkov, G. G. X-ray Investigation of Ammonium Fluoride - Ice 
Systems. Zhurnal Strukturnoi Khimii 1969, 10 (4), 724-725. 
27. Kuhs, W. F.; Bliss, D. V.; Finney, J. L. High-Resolution Neutron Powder Diffraction 
Study of Ice Ic. J. Phys. Colloq., C1 1987, 48, 631-636. 
28. Malkin, T. L.; Murray, B. J.; Brukhno, A. V.; J., A.; Salzmann, C. G. Structure of Ice 
Crystallized from Supercooled Water. Proc. Natl. Acad. Sci. USA 2012, 109, 1041-1045. 
29. Kuhs, W. F.; Sippel, C.; Falentya, A.; Hansen, T. C. Extent and Relevance of Stacking 
Disorder in "Ice Ic". Proc. Natl. Acad. Sci. USA 2012, 109, 21259-21264. 
30. Malkin, T. L.; Murray, B. J.; Salzmann, C. G.; Molinero, V.; Pickering, S. J.; Whale, T. F. 
Stacking Disorder in Ice I. Phys. Chem. Chem. Phys. 2015, 17, 60-76. 
 18 
31. Nabar, M. A.; Calvert, L. D.; Whalley, E. X‐Ray and Thermal Analysis of Quenched 
Ammonium Fluoride II and III: Three New Phases. J. Chem. Phys. 1969, 51 (4), 1353-
1356. 
32. Salzmann, C. G.; Murray, B. J.; Shephard, J. J. Extent of stacking disorder in diamond. 
Diam. Relat. Mat. 2015, 59, 69-72. 
33. Loerting, T.; Kohl, I.; Schustereder, W.; Winkel, K.; Mayer, E. High Density Amorphous 
Ice from Cubic Ice. ChemPhysChem 2006, 7 (6), 1203-1206. 
34. Lawson, A. C.; Roof, R. B.; Jorgensen, J. D. Structure of ND4F-II. Acta Cryst. 1989, B45, 
212-218. 
35. Engelhardt, H.; Kamb, B. Structure of ice IV, a metastable high-pressure phase. J. Chem. 
Phys. 1981, 75, 5887-5899. 
36. Kuriakose, A. K.; Whalley, E. Phase Diagram of Ammonium Fluoride to 20 kbar. J. Chem. 
Phys. 1968, 48 (5), 2025-2031. 
37. Andersson, O.; Inaba, A. Dielectric properties of high-density amorphous ice under 
pressure. Phys. Rev. B 2006, 74 (18), 184201. 
38. Shephard, J. J.; Salzmann, C. G. Molecular Reorientation Dynamics Govern the Glass 
Transitions of the Amorphous Ices. J. Phys. Chem. Lett. 2016, 7 (12), 2281-2285. 
39. Loerting, T.; Salzmann, C.; Kohl, I.; Mayer, E.; Hallbrucker, A. A Second Distinct 
Structural "State" of High-density Amorphous Ice at 77 K and 1 bar. Phys. Chem. Chem. 
Phys. 2001, 3, 5355-5357. 
40. Salzmann, C. G.; Loerting, T.; Klotz, S.; Mirwald, P. W.; Hallbrucker, A.; Mayer, E. 
Isobaric Annealing of High-density Amorphous Ice between 0.3 and 1.9 GPa: In Situ 
Density Values and Structural Changes. Phys. Chem. Chem. Phys. 2006, 8, 386-397. 
 19 
41. Salzmann, C. G.; Loerting, T.; Kohl, I.; Mayer, E.; Hallbrucker , A. Pure Ice IV from 
High-Density Amorphous Ice. J. Phys. Chem. B 2002, 106, 5587-5590. 
42. Salzmann, C. G.; Loerting, T.; Kohl, I.; Mayer, E.; Hallbrucker, A. Pure Ices IV and XII 
from High-Density Amorphous Ice. Can. J. Phys. 2003, 81, 25-32. 
43. Salzmann, C. G.; Mayer, E.; Hallbrucker, A. Effect of heating rate and pressure on the 
crystallization kinetics of high-density amorphous ice on isobaric heating between 0.2 and 
1.9 GPa. Phys. Chem. Chem. Phys. 2004, 6, 5156-5165. 
44. Salzmann, C. G.; Kohl, I.; Loerting, T.; Mayer, E.; Hallbrucker, A. Raman Spectroscopic 
Study on Hydrogen Bonding in Recovered Ice IV. J. Phys. Chem. B 2003, 107 (12), 2802-
2807. 
45. Raza, Z.; Alfe, D.; Salzmann, C. G.; Klimes, J.; Michaelides, A.; Slater, B. Proton ordering 
in cubic ice and hexagonal ice; a potential new ice phase-XIc. Phys. Chem. Chem. Phys. 
2011, 13 (44), 19788-19795. 
46. Tajima, Y.; Matsuo, T.; Suga, H. Phase transition in KOH-doped hexagonal ice. Nature 
1982, 299, 810-812. 
47. Arakawa, M.; Kagi, H.; Fernandez-Baca, J. A.; Chakoumakos, B. C.; Fukazawa, H. The 
existence of memory effect on hydrogen ordering in ice: The effect makes ice attractive. 
Geophys. Res. Lett. 2011, 38, L16101. 
48. Fukazawa, H.; Hoshikawa, A.; Yamauchi, H.; Yamaguchi, Y.; Ishii, Y. Formation and 
growth of ice XI: A powder neutron diffraction study. J. Crystal Growth 2005, 282, 251-
259. 
49. Sheppard, D.; Xiao, P.; Chemelewski, W.; Johnson, D. D.; Henkelman, G. A generalized 
solid-state nudged elastic band method. J. Chem. Phys. 2012, 136 (7), 074103. 
 20 
50. Gillan, M. J.; Alfè, D.; Michaelides, A. Perspective: How good is DFT for water? J. Chem. 
Phys. 2016, 144 (13), 130901. 
51. Hauge, H. I. T.; Verheijen, M. A.; Conesa-Boj, S.; Etzelstorfer, T.; Watzinger, M.; 
Kriegner, D.; Zardo, I.; Fasolato, C.; Capitani, F.; Postorino, P.; Kölling, S.; Li, A.; Assali, 
S.; Stangl, J.; Bakkers, E. P. A. M. Hexagonal Silicon Realized. Nano Lett. 2015, 15 (9), 
5855-5860. 
52. Bahn, S. R.; Jacobsen, K. W. An object-oriented scripting interface to a legacy electronic 
structure code. Comput. Sci. Eng. 2002, 4 (3), 56-66. 
53. VandeVondele, J.; Krack, M.; Mohamed, F.; Parrinello, M.; Chassaing, T.; Hutter, J. 
Quickstep: Fast and accurate density functional calculations using a mixed Gaussian and 
plane waves approach. Comput. Phys. Comm. 2005, 167 (2), 103-128. 
54. Hutter, J.; Iannuzzi, M.; Schiffmann, F.; VandeVondele, J. cp2k: atomistic simulations of 
condensed matter systems. Comput. Mol. Sci. 2014, 4 (1), 15-25. 
55. Goedecker, S.; Teter, M.; Hutter, J. Separable dual-space Gaussian pseudopotentials. Phys. 
Rev. B 1996, 54 (3), 1703-1710. 
56. Krack, M. Pseudopotentials for H to Kr optimized for gradient-corrected exchange-
correlation functionals. Theor. Chem. Acc. 2005, 114 (1), 145-152. 
57. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio 
parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-
Pu. J. Chem. Phys. 2010, 132 (15), 154104. 
58. Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made 
Simple. Phys. Rev. Lett. 1996, 77 (18), 3865-3868. 
 
